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I. INTRODUCTION

The Phase III two axis gyro/accelerometer (TAGA) semsor cluster differs
from the Phase II cluster in that it has a prelsunch self-calidration mecha-
nism. The self-calibration mechanism allows a computer directed self test

which measuras the foilowing eight major performance parameters just prior to
launchs

e Gyro scale factor

o Gyro drift bias

@ Gyro misalignmeant about the spin axis

e On-axis G~gensitive drift

e Cross~axis G-sensitive drift

® Accelerometer scale factor

e Accelarometer bias

® Accelerometer misalignment about the spin axis

The primary purpose of the Phase III cluster evaluation is to detesrmine
the stability of the 958T~2 sensor. A stable sensor will allow for software
polynominal thermal compensation, however, if the stability of the sensor is
inadequate, a prelaunch self calibration may be required. For this reason,

the 958T-=2 sensor uncertainties are to be established to decide if software
temperature calibration can be used in lieu of self-calibration mechanism.
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IX. DESCRIPTION OF THE SELF-~CALIBRATION TAGA SENSOR CLUSTER

The self-calibration cluster consists of two TAGA sensors mounted at
right sngles as shown in Figure 1. Each sensor {s mounted with its input axes
Ay, By, and spin axis Sy.

Pigure 1 shows the TAGA sensors in the navigaticn orientation with 6g1 =
0° and €2 = ~90°. Each sensor is capable of being rotated about an axis Ry
nominally perpandicular to its spin axis S;y. Note that 6yy = 0°, for each
multisensor, raesults in A; axes parallel to roll. The calibration process re-
quires that measurements be made at three stationary orientations 90° apart,
Ry = 0%, -90° and -180°. In sddition, displacement angle measurements are
made as the sensors are rotated. The accumulated angles measured during the
calibration rotations are used to determine gyro scale factor and gyro misa-
lignment about the spin axis. All other parameters are calibrated from the
stationary measuremsnts, botn gyros and accelerometers.

The calibration computation requires a computer. In addition to the
computations, the calibration computer sends control commands to the torque
motors in the cluster that cause the sensors to rotate about axes Ry. When
the sensors are at data positions, they are locked to prevent motion. During
rotation, the rate gyro pulses are used as velocity feedback to limit the
speed of rotation. The gyro scale factor is determined from the total angle
traveled between lock positions.

The accelerometer scale factor 1s calibrated to the local gravity. The
calibration computer requires iaputs of initial azimuth and latitude.

Sensors showm in MAY I
SRS e |
%2 «-2%°

Figure 1. TAGA sensor axes and calibration rotation axes.
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III. TAGA SENSOR CLUSTER TURN-ON/TURN-ON REPEATABILITY EVALUATION
A. General

The Phase III TAGA discussed {n this report is a self-calibration
{inetrvment which 1is baing evaluated for ground launched systems. The TAGA
evaluation ir based upon anbient self-calibration tasts and special tests
.which include temperature exposure. The following is & description of the
aabient test sequence in which the major performance parameters are measured:

o Energize TAGA sengors

o Wait 1 minute

e Start self-calidbration cycle

e Collect and process data

e Wait 35 minutes

® Repeat salf-calibration cycle

e Collect and process dats

e Turn the TAGA aensors off

® Wait 4 hours and repeat test sequence

The results of thz short~term ambient—test data depicting the eight
performance psrameters are shown i{n Tables 1 through 7.

B. Gyro Scale Factor

The 1o turn—=on to turn—-on scale factor randomness of these gyros 1is
summarized in Table 1. Rach gyro scale factor {s computer compensated for
temperature gensitivity. The data was collected over a 4 day period. Scale
- factor data collected at time intervals of 1 minute and 35 minutes as de-
scribed by the amblient test sequence are listed under gyro #l. The scale fac-
tor data collected at the same time intervals for gyro #2 are also tabulated
in Table 1.

The variations of the scale factors summarized in Table 1 exhibit a
spcead of 795 to 798 PPM + lo for gyro #2 and a spread of 1806 to 2096 PPM +
lo for gyro #l. These results indicate that the time dependent warm—up in-
terval has minimal influence on the scale factor error.




FLTATIRTR DR S T TP BRI VIR W R IR T WU P MR A T TN VR R NN e R e T AT ET dm RS B R ANE 5 TP T R T TS e L e P T W A RRRERE S

TABLE 1. Gyro Scale Factor

Gyro #1 Gyro #2
Test # 1 Min, 25.0 °C |35 Min, 33.4 °C 1 Min, 26.4 °C |35 Min, 37.0 °C
1 «9970 <9945 1.0053 1.0031
' 2 .9957 .99438 1.0048 1.0012
3 +9970 «9975 1.0055 1.0022
4 9954 .99390 1.0051 1.0035
5 +9985 .9972 1.0063 1.0035
6 +9986 9540 1.0072 1.0020
7 «9992 «9978 1.0060 1.0028
8 .9934 +9967 1.0052 1.0026
x .9969 +9964 1.0057 1.0026
10 +.0020 +.0018 +.0008 +.0008

C. Gyro Bias Drift

The turn-on to turn—on bias repeatability wvas determined by using
the ambient self-calibration test. The results sre shown in Table 2. Each
column shows bias data collected at indicated time intervals of 1 minute and
35 minutes for each axis (RA; and RB,) of both gyros.

Gyro #1, 1 minute warm-up data, indicates that 68 percent of the
bias data collected is within 1.1 °/hr. After a 35 minute warm up, gyro #1
exhibits a bias~drift rate of 2.1 °/hr. Gyro #2, 1 minute warm—up data, shows
a bias drift of 2.3 °/hr; following a 35 minute warm~up period, gyro #2 exhidb-
1its a bilas drift of 4.0 */hr. These results imply that the turn~on to turn—on
repeatability is not improved by allowing the instrument to reach thermal
equilibrium.
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TABLE 2. Gyro Drift Bias °/hr

Cyro #1 Gyro #2
RAy RB, RAy RB,
Test #

{1Min [35Min | 1Min | 35Min | 1 Min [35Mn | 1 Mn | 35 Min
1 206 700 -1206 -1207 9.3 802 009 8.4
2 2.4 6.2 - 9.1 -11.5 7.3 6.7 -1.7 12.5
3 2.7 5.3 - 9.8 -12.2 9.2 6.2 0.5 12.5
4 303 607 - 9.9 ‘1301 10.5 799 "‘2-1 7.3
5 2.1 1.8 -‘10'1 -11.9 9.2 3-2 -001 3.8
6 1.2 3.1 -10.0 =11.6 11,7 11.7 =5.0 1.2
7 2'3 204 - 903 "10.7 9-9 9.4 "1.3 7.9
8 101 206 -10.‘ -1106 909 7'7 2:4 10.1
; 202 A.b ‘10.2 -1109 9.6 7'6 ‘008 800
10' |+0.8 | +2.1 | +1.1 | #0.8 | +#1.3 | +2.5 | +2.3 | +.0

D. Gyro G-Senaitive Drift

The g-sensitive drift for each gyro was determined concurrently by
using the ambient self-celibration test sequence. The results are given in
Table 3. The data, tabulated in the caption columns, represent the g-sensi-
tive on~axig (GSA) and cross—-axis (GSB) drift rates. The standard deviation
for axes RA] and RB] and the average temperature of each gyro are shown in the
appropriate column.

The 1o values in Table 3 are summarized. For a 1 minute warm—up
period, Gyro #1 GSA drift rate is 2.8 °/hr/g; the GSB drift is 1.3 °/hr/g.
After 35 minutes, the GSA drift 1s 3.5 °/hr/g; GSB drift is 1.4 °/hr/g. Por
Cyro #2, the 1 minute warm~up GSA drift 1s 2.6 °/hr/g; GSB drift is 1.6 °/hr/g.
After a 35 minute warm up, the GSA drift 1s 4.2 °/hr/g; the GSB drift is 2.4
°/hr/g. These results confirm that a temperature-stabilized instrument is not
required.

The mean drift data in Table 3 is temperature dependent. As a re-
sult, special tests were designed to calibrate the temperature sensitivity of
the TAGA. The results of these special tests are discussed in section V.
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TABLE 3. Gyro G-Sensitive Drift °*/hr/g

Gyro #1 GSA Gyro #2 GSA Gyro #1 GSB Gyro #2 GSB
Test # |1 Min |35 Min | 1 Min 35 Min 1 Mn |35 Min | 1 Min 35 Min
1 21.0 -26|1 46.3 -5.1 36.3 55-1 "18.6 ‘100‘
2 27.8 -2002 ‘8.4 -600 35«4 53.2 -1506 - 7.6
3 27.4 ~15.% 51.1 0.3 35.2 51.3 -18.6 - 7.3
4 27.7 | -16.9 45,7 0.4 34.9 51.8 -16.6 -7.8
5 26,9 | -18.1 50.2 6.7 37.9 52.2 -20.1 -13.8
6 2700 -1705 5105 6.3 3709 5500 "16-0 -1109
7 28.‘ "19.1 51‘2 003 3606 53.0 -18.5 - 708
8 3005 -1501 52.8 2.6 37.8 53.9 -1807 -1006
x 26.8 | -18.6 | 49.6 0.9 3.5 | 53,2 | -17.8 | - 9.6
10 | +2.8 | +3.5| +2.6 | +4.2 +1.3 | +1.4 | +1.6 | + 2.4
Temp'C 25.0:.4 33-41.5 26:‘:.5 3700:.5 -_— - b —

GSA On-=axis g—-sensitive drift
GSB Cross-axis g-sensitive drift

E. Gyro Misalignment About the Spin Axis

The multifunction gyro requires that sinusoidal signals be demodu-
lated to yleld two axes of measurement datz. A “reference mark,” on the gyro
wheel, 1is used to synchronize the demodulator with the wheel position. FErrors
in the reference mark will cause an apparent misalignment error about the spin
axis. Other electronic errors in the signal channels can also cause apparent
aisalignment errors.

Data from the ambient self-calibration tests are used to calibrate
alignment about the spin axis. The results are shown in Table 4. It indi-
cates that the maximum standard deviation of misalignment about the spin axis
for Gyro #1 1is 1.4 mrad and for Cyro #2 is 0.7 mrads.
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TABLE 4. Gyro Misalignment Angle About the Spin Axls (mrad)

Gyro 1 Gyro #2

|

Test # 1 Min 35 Min 1 Min 35 Min J

|

1 4.3 3.3 8.0 6.0 1
2 5.2 1.6 8,2 8.5
3 5.5 1.6 7.7 7.9
4 3.4 2.1 8.4 7.2
s 3.4 1.5 8.0 7.4
6 4.2 1.5 7.7 7.6
7 0.9 0.6 7.6 8.1
8 3.6 l.4 7.5 7.4
x 3.8 1.7 7.9 7.5
10 +1.4 40.8 40.3 40.7

F. Accelerometer Scale Factor

The turn=-on to turn-on accelerometer scale factor repeatahility data
are listed in Table 5. This data was collected over a 4 day period concur—
rently with the gyru ambient self-calibration test-gyro data.

The standard deviation of the scale factors exhibits a spread of 399
to 798 PPM for accelerometer #1 and from 300 to 401 PPM for accelerator #2.

N e
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TABLE S. Accsalarometer Scsle Yactor

Accelarometer 1 Accelerometer 2
Test ¢ 1 Min 35 Min 1 Min 38 Min
1 1.0028 1.0025 0.9999 0.9979
2 1.0020 1.9017 0.9991 0.9971
3 1.0020 1.0015 0.993%8 0.%980
4 1.0025 1.0024 0.9994 0.9982
S 1.0021 1.0015 1.0002 0.9936
6 1.0021 1.0022 0.9994 0.9981
7 1.0024 1.0016 0.9995 0.9982
8 1.0026 1.0017 0.9996 0.9982
x 1.0021 1.0019 0.9996 0.9980
io +.0008 +.0004 +.0003 +.0004

G. Accelerometer Bias

Accelerometer bias was calibrated for the Phase III self-calibration
multifunction sensors. The results, over 4 days of tests, are shown in Table
6. The standard deviations of the accslerometer bias for all axes are between

300 to 700 ug.

TABLE 6. Accelerometer Bias {my)

Test # |1 Min |35 Min | 1 Min 35 Min 1 Min |35 Min | 1 Min 35 Min
1 02 .0 11.1 11.6 5.9 505 '1-3 -009
2 -05 '03 12-2 1006 7-5 6.1 -236 "0.4
3 ".4 -04 1203 11.0 6.6 506 -1.0 0.3
4 01 03 13.0 11-7 7.6 6-4 _202 ‘-Ou3
5 "l6 "n6 12.8 11.7 609 5-1 0.9 003
‘: 6 -.2 2 11-7 11a3 6.3 $.3 -106 =0.2
* 7 -05 -06 12.7 11.9 7.1 6.2 '-205 -005
) 8 -.1 "05 1303 12.2 605 500 -1.3 -0.2
x -.25 | -.24 12.4 11.5 6.8 5.6 | ~1.7 0.2
10 +.30 | +.36 | +0.7 | +0.5 +.6 +5 | +.7 | +0.4
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He Acrelerometer Misalignment Angli About the Spin Axis

Data from the ambient self-calibration tests are used to calibrate
alignment about the sccelerometer spin axis. The data from these testa ara
showa in Table 7. As shown, the maximum standard deviation of misalignment
about the spin axis for accelarometer #1 and accelarometer #2 {s 0.5 wrads.

TABLE 7. Acceleromater Misalignment Angle lbout the Spin Axis (mrad)

Acceleromater 1 Accelerometer 2
Test # 1 Min 35 Min 1 Min 35 Min
1 -0.4 -0.7 9.8 8.5
2 -0.5 =0.4 10.2 9.6
3 -0'7 "O ‘ : v 10.5 9-3
4 -0.1 =-0.3 10.6 9.5
6 ~0.4 -0.3 10.0 9.0
7 -0.8 -0.6 10.2 10.0
8 -101 -108 1003 9.7
x ~0.6 -0.7 10.2 9.4
lg ipuk +0.5 :9.3 +0.5
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IV. COMPARISON OF THE SIX-POSITION VS SELF—-CALIBRATIOR DATA

A. Six~position testing is a test routine whers the instrument is
mounted in a precision three-axes gimbal test stand. Thie enables the user to
accurataly rotate the unit to the appropriate test positions. The results of
the six~position tests are shown in Table 8.

B. At the end of each six-position test, a self-calidratimm test was
executed. The comparison results are tabulated in Table 8 paralial to the
appropriate sizx~position test data.

C. The last column in Table 8 shows tha difference between the six-
position and self-calibration data. The gyro bias has a aaximum spread of 2.8
®*/hr. The g-sensitive correlation error is 8.1 °/hr/g; but thia parameter is
highly sensitive to temperature. For this reason, the change in temperature

of each test (see Note in Table 8) must be considered vhen comparing the per—-
formance parameters.

D. The comparison data for the accelerometers are also shown in Table 8.
The AB, biss difference is quite large, 4.14 mg; howaver, the bilas differences
for the other three axes ssem to be reasonable.

Table 8.A Six~Position Test Data vs Self-Calibration Datal

Gyro Gyro Correlation
Parameters 9ix-Position Data Self~Calibration Data Error

; RA] (RaAY) 9.3 *°/hr 7.7 °/hr 1.6

3 RB1 (RAAV) 28.8 */hr 31.6 */nr 2.8
RA2 (Rsav) 9.2 °/hr 11.3 */hr 2.1
HZ(RSAV) 28.0 ./hr 25.3 °/ht 2.7
RA] (GSA) -60.6 °/hr/g -68.7 */hr/g 8.1
RA) (GSB) 57.5 °/hr/g 60.2 */hr/g 2.7
RA2(GSA) -22.2 */hr/g -27.8 */hr/g 5.6
RA2(GSB) - 5.7 */nr/g - 7.1 °/nr/g 1.4

Accelerometer Six- Accelerometer Self- Correlation

Parameters Position Data Calibration Data Exrror
AA] Bias - 0.56 mg - 2.27 ng 1.71
AB] Biass - 0.72 mg 0.08 mg 0.80
AA2 Bias 3.99 mg 3.54 ug 0.45
AB7 Bias - 2,40 ng - 6.54 mg 4,14
lNoTE

Gyro #1 start test Temp 36.3, stop test Temp 19.4 °C.
Gyro #2 start test Temp 38.1, stop test Temp 4l.1 °C.
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V. SELF~CALIBRATION TEMPERATURE TESTS

All self-calibration temperature tosts were made with the instruuwent
mounted in the navigation orientation. Three self-calibration tests were con~-
ducted at each temperature stable condition. The instrument was allowed to
tharsally restabilisze for 43 minutes batween each test. The same procedure
wes repasted at sight different temperature settings. Figures 2 through 21
summarize tha results of these prelaunch calibration tests.
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VI. CORCLUSIONS

Iaprovemants are nesaded ir the performance stability of the 958T-2 gen~
sors. The rasidual scale factor errors after thermal compensation are shown
in Figures 2 and 12, Table 1 summarigzes the randomness of the scale factor.
Note that the variations of the scale factor exhibit an uncertainty of 795 to
2006 PPM. Thesve variations show the need for scale factor accuracy improve- ,
ment for certain IMU applications. One error mechanism causing uncertainties
is the tewparaturs dependent mechanical stress across the support bearings.
Thesa stressas arse also known to be a major source of bias variation (aee '
rige. 3, 4, 9, and 10).

It 1is also known that piezoelectric transducers are limited in scale fac-
tor accuracy due to aging and temperature sensing arrers. From the literature
on these transducers it is recognized that they exhibit a long term aging
characteristic of 2000 to 5000 PPM over a period of several ysars. However,
there ars other transducer saterials that may be applicable to the multisensor
concept. One possibility is the piezo-resistive silicon strain sensing trans-
ducers. Thase hive well known stability characteristics.

Inprovements i sengor performance stability are needsd to satisfy a
viable software polynomial thermal compensation scheme. It appears that a
atable sensor concept would be the most cost—~effective thermal compensation
tachnique, 1f sensor {mprovements are schievable. The results of this evalua-
tion show the need to reduce scale factor and bias randomness including tem-
perature dependent g~sensitive gyro drift, other temperature sensitive drifts
sud repeatability errors due to internal structural stresses. The results
also show the need to improve the parformance of electronics used to amplify,
process, demodulate and convert inertial signals to digital pulses with high
rasolution.

The Collins Phaee III self~calibration unit is not an scceptable design
because the self-calibration time is approximately 4 minutes and the gimbal
torque motors require excessive power. Howaver, if the concept of gimbal
salf calibration becomes a serious candidate for a built-in~test calibration
capability, further work is required to satisfy a viable design.
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VII. RECOMMENDATIONS
e Continue research for 1 ysar to davelop better sensors.

¢ Explore quick reacticu gimbal mechanisms which require very little
powar.

> @ Build two designs: one concept using software thermal compensation
and the other utilizing prelaunch self calibration.

" @ Decide the merit of the two designs.
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